Heliconius butterflies are highly specialized in Passiflora, laying eggs and feeding as larvae only on these plants. Interestingly, Heliconius butterflies and Passiflora plants both contain cyanogenic glucosides (CNglcs). While feeding on specific Passiflora species, Heliconius melpomene larvae are able to sequester simple cyclopentenyl CNglcs, the most common CNglcs in this plant genus. Yet, aromatic, aliphatic, and modified CNglcs have been reported in Passiflora species and they were never tested for sequestration by heliconiine larvae. As other cyanogenic lepidopterans, H. melpomene also biosynthesize the aliphatic CNglcs linamarin and lotaustralin, and their toxicity does not rely exclusively on sequestration. Although the genes encoding the enzymes in the CNglc biosynthesis have not yet been fully biochemically characterized in butterflies, the cytochromes P450 CYP405A4, CYP405A5, CYP405A6 and CYP332A1 are hypothesized to be involved in this pathway in H. melpomene. In this study, we determine how the CNglc composition and expression of the putative P450s involved in the biosynthesis of these compounds vary at different development stages of Heliconius butterflies. We also established which kind of CNglcs H. melpomene larvae can sequestered from Passiflora. By analysing the chemical composition of the haemolymph from larvae fed with different Passiflora diets, we observed that H. melpomene is able to sequestered prunasin, an aromatic CNglcs, from P. platyloba. They were also able to sequester amygdalin, gynocardin, [C 13 /C 14 ]linamarin and [C 13 /C 14 ]lotaustralin painted on the plant leaves. The CNglc tetraphyllin B-sulphate from P. caerulea was not detected in the larval haemolymph, suggesting that such modified CNglcs cannot be sequestered by Heliconius. Although pupae and virgin adults contain dihydrogynocardin resulting from larval sequestration, this compound was metabolized during adulthood, and not used as nuptial gift or transferred to the offspring. Thus, we speculate that dihydrogynocardin was catabolized to recycle nitrogen and glucose, and/or to produce fitness signals during courtship and calling. Mature adults had a higher concentration of CNglcs than any other developmental stages due to intense de novo biosynthesis of linamarin and lotaustralin. All CYP405As were expressed in adults, whereas larvae mostly expressed CYP405A4. Our results shed light on the importance of CNglcs in Heliconius biology and for their coevolution with Passiflora.
INTRODUCTION
Toxicity is undoubtedly an important feature in the evolution of Heliconius butterflies, whose bright and colourful wings advertise their unpalatability to possible predators. (Sheppard et al., 1985; Reed et al., 2011) . Cyanogenic glucosides (CNglcs) are the most abundant toxic compounds in Heliconius butterflies and also in Passiflora plants, their coevolutionary partners. Heliconius exclusively lay eggs and feed as larvae on Passiflora plants which are normally avoided by other insect herbivores due to their CNglc content (Ehrlich and Raven, 1964; Engler-Chaouat and Gilbert, 2007; de Castro et al., 2018) .
Heliconius butterflies biosynthesize the aliphatic CNglcs linamarin and lotaustralin through a pathway hypothesized to be orthologous between butterflies and Zygaena moths (Chauhan et al., 2013) . In the burnet moth Z. filipendulae, this pathway is encoded by the genes CYP405A2, CYP332A3 and UGT33A1 (Jensen et al., 2011) . The two cytochromes P450 (P450s), CYP405A2 and CYP332A3, convert the amino acids valine and isoleucine into their respective cyanohydrins, which are stabilized with a glucose residue added by the UDPglycosyltransferase (UGT) UGT33A1, forming linamarin or lotaustralin. In H. melpomene, the precursors and intermediates of the CNglc pathway have been confirmed to be the same as in Z. filipendulae (Davis and Nahrstedt, 1987) and accordingly the P450s catalysing the reactions are thought to be orthologues to the moth pathway: CYP405A4, CYP405A5, CYP405A6 and CYP332A1 (Chauhan et al., 2013) (Figure 1 ). In the Z. filipendulae a single CYP405A catalyses the first reaction, however, in H. melpomene there are three closely related CYP405A that putatively may catalyse the reaction The three HmCYP405As are 80-88% identical at the coding sequence and tandemly clustered in the same genome scaffold . An orthologues UGT could not be identified from the H. melpomene genome, perhaps due to different UGTs being recruited into the pathway in butterflies and moths .
Plants from the Passiflora genus also produce CNglcs, and it has previously been demonstrated that CNglcs biosynthesized from cyclopentenyl glycine by Passiflora can be sequestered by Heliconius (Engler et al., 2000; Engler-Chaouat and Gilbert, 2007) . Some of these cyclopentenyl CNglcs, most likely remnants from larval feeding, were even found in adults of several Heliconius and heliconiine species, suggesting that these compounds are kept after pupation (de Castro et al. 2019) (Figure 1 ). However, an enormous diversity of CNglc structures is present in the Passiflora genus, which raise the question whether Heliconius larvae could sequester other CNglcs apart from the ones with a cyclopentenoid structure. melpomene biosynthesize the aliphatic CNglcs linamarin 1 and lotaustralin 2 ; P450s hypothesized to be involved in this pathway are CYP405A4, CYP405A5, CYP405A6 and CYP332A1. B) CNglcs previously known to be sequestered: As in other heliconiines, larvae can also sequester cyclopentenyl cyanogenic glucosides from Passiflora, such as dihydrogynocardin 7 . C) Others CNglcs found in the genus Passiflora: Many other CNglcs, such as amygdalin 3 , prunasin 4 , passiedulin 5 and tetraphyllin B-sulphate 6 , have been found in Passiflora hosts utilized by H. melpomene and it is not known if they are sequestered.
More than 60 different kinds of CNglcs have been found in over 2,500 plant species (Møller, 2010) -of which 27 were reported in the Passiflora genus alone, including some structures that seems to be produced only by Passiflora (Jaroszewski et al., 2002) . This indicates that Passiflora is an evolutionary hot-spot for evolution of novel CNglc structures. CNglcs derived from the non-protein amino acid cyclopentenyl glycine are the most common CNglcs in Passiflora, they are only found in Passifloraceae and five other closely related plant families.
In some Passiflora species these cyclopentenyl CNglcs are modified with additional unusual sugars and sulphate groups, such as passibiflorin and tetraphyllin B, respectively ( Figure 1 ). The aliphatic CNglcs linamarin and lotaustralin are present in some Passiflora species (Spencer et al., 1986) , whereas few others contain the aromatic CNglcs prunasin, amygdalin, and passiedulin, of which has only been reported in P. edulis (Christensen and Jaroszewski, 2001; de Castro et al., 2019) . Spencer (1988) hypothesized that Passiflora plants diversified their CNglc profile in response to the herbivory of Heliconius and closely related genera. By producing CNglcs that cannot be sequestered, a Passiflora species would decrease its value as a host for these larvae. However, to confirm this hypothesis it is necessary to establish which CNglc structures Heliconius larvae can actually sequester from their hosts. Additionally, Heliconius must be able to avoid the degradation of these compounds during sequestration, since plant tissue disruption caused by herbivory will put CNglcs in content with β-glucosideses, which will lead to their conversion into volatile breakdown products (cyanide and aldehydes/ketones) (Pentzold et al., 2014a) .
Since Heliconius butterflies both synthesize and sequester large amounts of CNglcs, it is clear that these metabolites are important to their biology. Yet, the roles of these compounds in the life history of these butterflies have not been fully elucidated. For instance, the defensive function of CNglcs is well established in plants and it has been hypothesized to confer protection to Heliconius as well, but so far only circumstantial evidence has been presented (Schappert and Shore, 1999; Gilbert, 1991; Cardoso, 2019) . Other roles for CNglcs in lepidopterans have been suggested by Cardoso and Gilbert, (2007) , who based on detected of cyanide emission from the spermatophores of several Heliconius species, found evidence for that these butterflies also use CNglcs as nuptial gifts, and by Zagrobelny et al., (2007b) , who suggested that CNglcs are used as nitrogen and sugar storage molecules by Zygaena moths. Nevertheless, the dynamics of CNglcs in the life history of Heliconius butterflies has not been fully explored.
In this study, we investigated in detail, not only how CNglcs content fluctuates during the whole life cycle of a Heliconius species, but also elucidated it from a standpoint of sequestration versus biosynthesis. We examined which CNglcs H. melpomene can sequester by exposing larvae to different CNglc-containing diets and analysed the compounds sequestered into their haemolymph. We also established how cyanogenesis varies during the life-cycle of H. melpomene, by characterizing the CNglc profile from pupae to mature adults and in the development of their offspring. Furthermore, we examined the expression of the putative enzymes involved in the biosynthetic pathway at different life stages. Finally, spermatophores and testes were also analysed to establish which CNglcs H. melpomene can use as nuptial gifts
Methods

Plants samples
Leaf discs (1 cm 2 ) of P. caerulea, P. edulis and P. platyloba were collected in tubes containing 500 mL methanol 80% (V/V) + formic acid 0.1% (V/V) and boiled for five min. Samples were collected from six month old plants that had not been exposed to oviposition or herbivory. The sampled plants were afterwards used in the feeding experiments.
Butterflies and breeding conditions
The butterflies were hatched from pupae bought from Costa Rica Entomological Supplies. Pupae were placed in small cages (0.4m X 0.3 m x 0.15 m) and kept under controlled conditions (24-28 °C, 80% RH, 14h day/10h night).
Cages were examined every day, and newly eclosed butterflies were transferred to a larger cage for reproduction or sampled as freshly emerged imagines. The cage for reproduction (2 m x 1.5 m x 1m) was supplied with flowering Lantana plants for adult feeding (nectar and pollen) and young Passiflora plants for oviposition. Adult feeding was supplemented with plastic flowers containing 20% honey solution (v/v) with 1% (m/v) fresh willow pollen (Percie Du Sert, UK). For the life cycle experiment, only plants of P. edulis were used for oviposition and freshly laid eggs were sampled. First instar larvae (1-3) were collected one week from the date when the first eggs were laid. Late instar larvae (4-5) were identified and collected when the skin of their dorsum was completely white (Brown, 1981) . Mature adults were collected when larvae of their offspring were reaching the final instars (~4 weeks after eclosion). All collected samples were frozen in liquid nitrogen and stored at -80 °C.
Specimens destined for isolation of spermatophore and testes were collected in plastic bags and kept in the freezer (-20 °C) until dissection.
No-choice larval feeding experiments
Plants from different Passiflora species were located in the cage for reproduction with freshly emerged H. melpomene imagines. The Passiflora plants utilized were from the species P. caerulae, P. edulis and P. platyloba, which have previously been used to breed H. melpomene under insectary conditions in our facilities. The cage had four plants of each species. The sulphated cyclopentenyl CNglc Tetraphyllin B sulfate is present in P. caerulae, whereas P. edulis and P. platyloba contain the aromatic CNglcs prunasin and amygdalin. Eggs were left to hatch on the plants where they were laid and raised until the fourth instar. Larvae were then isolated in individual plastic boxes containing a moistened paper tissue and a leaf of their previous host-plant species. The plastic boxes were cleaned and supplied with fresh leaves every day.
To confirm and compare the larvae's ability to sequester cyclopentenyl and aliphatic CNglcs, some larvae raised on P. platyloba were fed with leaves painted with 5 mg of gynocardin or with 3 mg of labelled [ 14 C/ 13 C] linamarin and lotaustralin. Gynocardin was previously synthesized by Jaroszewski et al., (2002) and the radiolabelled [ 14 C/ 13 C] linamarin and lotaustralin was produced in our lab as described by Zagrobelny et al., (2014) . P. platyloba was used because it is the favourite host plant of H. melpomene in our facilities, and because it lacks aliphatic and cyclopentenyl CNglcs. Painted leaves were left to dry for at least 2 h, before being added to feeding boxes.
Leaves of P. caerulea, which do not contain amygdalin, were painted with 10 mg of this compound and used to feed some of the larvae reared on this species. After 24h, the frass of each larva was collected and larvae were prepared for haemolymph sampling (see section 2.4). Frass pieces from a larva reared on P. edulis were separated in saline buffer and photographed under an EZ4 (Leica) stereo microscope. A minimum of five larvae fed on each type of diet.
Dissection of larvae and imagines
Larvae were starved for 4 hours, rinsed twice with distilled water, and subsequently kept for 30 seconds in a chamber with dry-ice to be anesthetized prior to dissection. A foreleg from each larva was removed with chirurgic scissors and the haemolymph collected with a pipette trough this incision. The haemolymph samples were weighed in microtubes and frozen in liquid nitrogen. Gut and skin samples were also collected. Five gut samples (not frozen) were used for pH measurements of the gut lumen.
Imagines were kept in the freezer for a minimum of 72 h before spermatophores and testes were collected.
Abdomens were separated and immersed in saline buffer under an EZ4 (Leica) stereo microscope. Testes were collected from males and spermatophores retrieved from the female bursa. Samples were weighed in microtubes and frozen in liquid nitrogen.
Liquid chromatography-mass spectrometry (LC-MS/MS)
Extractions, LC-MS conditions and analyses were executed as described in Castro et al., 2019
Gene-expression analyses
Total RNA was extracted from frozen eggs, larvae, pupae, and adults of H. melpomene utilizing the RNeasy Mini Kit (Qiagen), including digestion with the RNase-Free DNase Set (Qiagen). cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad) using 500 ng of total RNA as template. qRT-PCR reactions were conducted with DyNAmo Flash SYBR Green qRT-PCR Kit (Thermo Fisher Scientific) with 150 ng of cDNA and specific primers (Table   S1 ). No-template added controls were also included. The reactions were run in a CFX384 Touch™ qPCR system (Bio-Rad) following the conditions described in Table S2 , and the data were analysed in the native software. The method ΔΔCt was used to calculate the relative expression of the genes of interest: CYP405A4, CYP405A5, CYP405A6 and CYP332A1. In this method, the expression of the genes of interest were normalized against the housekeeping gene Elongation Factor 1 alpha (EF1a), and all the samples standardized using the values found in the egg samples as a reference.
To validate the qRT-PCR results, gene expression analyses were also performed using published RNA sequencing (RNA-seq) data of H. melpomene larvae (gut) from Yu et al. (2016) and adults (abdomen) from Walters et al. (2015) . Given that the data came from two separate projects, each dataset was analysed independently following the same methodology. First, low quality base and adapter trimming, and quality control of the reads were performed using TrimGalore! (Krueger, 2015) . Reads were then mapped to the H. melpomene genome (H.mel2.5) (Davey et al., 2016) using STAR (version 2.5.0a) (Dobin et al., 2013) . Read counts were produced using featureCounts (Liao et al., 2013) and then normalised by library size (TMM normalisation) and gene length (log2 RPKM) using the edgeR package in R (Robinson et al., 2010) . Differences in gene expression between genes of the same dataset were assessed with pairwise t-tests with Bonferroni correction for multiple testing.
Statistical analyses
To compare the total concentration of CNglcs between larvae fed different diets, and between samples from different life stages, we used one-way ANOVA with post-hoc Tukey tests. Two-way ANOVA was employed for comparison of P450 genes putatively involved in the CNglc biosynthesis during the life cycle of H. melpomene.
When appropriate, post-hoc Tukey tests were employed. All analyses were performed in R.
Results
Variation in the CNglc profile of larvae on different diets
To investigate how larval diet impacts the CNglc profile of H. melpomene and which CNglcs they are able to sequester from Passiflora, larvae were raised to fourth instar on P. caerulea, P. edulis or P. platyloba. The chemical profile of these plants were analysed a priori of the experiment: P. caerulea produces tetraphyllin-B sulphate, P. edulis prunasin, and P. platyloba prunasin and amygdalin (Figure 2a ). The total CNglc concentration of P. platyloba is higher than the others (Tukey, p=0.0002 against P. caerulea; p=0.00019 against P. edulis). None of these plants produce linamarin and lotaustralin. Haemolymph of larvae raised on the three different diets were collected and analysed by LC-MS/MS to establish the larval CNglc profile. CNglc accumulation in the haemolymph of H. melpomene differed between the three Passiflora diets (ANOVA, Df=2 F= 14.01, p= 0.0035) ( Figure 2b ). Larvae raised on P. platyloba had a higher total concentration of CNglcs than P. edulis (Tukey, p=0.0065) and P. caerulea (Tukey, p=0.0053), the latter two did not differ from each other (Tukey, p=0.9907). All larvae contained linamarin and lotaustralin, which does not originate from sequestration but from biosynthesis. Larvae reared on P. platyloba biosynthesized more linamarin and lotaustralin than on other plant diets, which is probably associated with the nutritional value of this species as a host. Sequestration of CNglcs was only observed in larvae fed on P. platyloba, which were only able to sequester small amounts of the aromatic CNglc prunasin into their haemolymph, but not its corresponding diglucoside amygdalin. Sequestration of tetraphyllin B-sulphate from P. caerulea, and prunasin from P. edulis was not detected.
In order to increase the repertoire of compounds ingested by the larvae, leaves of P. platyloba painted with either gynocardin or [ 14 C/ 13 C] radiolabelled linamarin and lotaustralin, and P. caerulea painted with amygdalin were used (Table 1 ). The radiolabelled linamarin and lotaustralin was used to enable discrimination between the amounts sequestered and biosynthesized. When P. caerulea leaves were painted with amygdalin (10 mg per leaf) and ingested by larvae, a small amount of amygdalin was sequestered into their haemolymph (0.12 µg/mg) (Table 1) , but most of it was excreted in the frass (3.06 µg/mg) (data not shown). In contrast, larvae intensively sequestered gynocardin into their haemolymph when fed on P. platyloba painted with this cyclopentenyl CNglc (5 mg per leaf). Larvae fed on P. platyloba leaves painted with an even ratio of radiolabelled linamarin and lotaustralin (5 mg per leaf) had a higher total concentration of CNglcs due to intense sequestration of these compounds. Interestingly, we observed that radiolabelled linamarin was sequestered to a much higher extent than radiolabelled lotaustralin (69.7 ± 10.4 µg /mg linamarin versus 2.4 ± 0.2 µg /mg lotaustralin), even though they were supplied in equal proportion. Larvae on this diet synthesized more lotaustralin than linamarin (28.14 ± 9.9 versus 19.4 4± 6.1 µg/mg, respectively), most likely in an attempt to keep the relative level of linamarin to lotaustralin in balance. Sequestration of prunasin was also increased in comparison to P. platyloba without additional compounds (2.74 ± 2.94 and 0.39 ± 0.27 µg/mg, respectively), thought this difference was mainly caused by an elevated concentration of prunasin in one particular larva. This is the first time to our knowledge that the sequestration of both aromatic and aliphatic CNglcs are reported in Heliconius. Note: See Figure 2b , for CNglc concentration in the haemolymph of larvae raised on non-painted P. caerulea and P. platyloba.
Adaptations to sequester CNglcs
Frass from H. melpomene larvae were composed of small leaf pieces ( Figure S1 ), indicating that they perform leaf-snipping while eating. This feeding mode help keeping CNglcs intact during feeding, as it avoids that ingested 
CNglcs in the life-cycle of H. melpomene
The amount and type of CNglcs were examined in different life stages of H. melpomene to establish how this varies during the life cycle. Total concentration of CNglcs varied significantly between different developmental stages (ANOVA, Df=5, F= 16.58, p= 9.74e-08) (Figure 3a ). Pupae and virgin adults (newly emerged) had a similar total concentration of CNglcs (Tukey, p=0.865). The amount of dihydrogynocardin, sequestered during larval feeding, was in the same range as the biosynthesized linamarin and lotaustralin. The highest CNglc concentration was observed in mature adults which had 10 times more linamarin and lotaustralin relative to dihydrogynocardin. This reduction in the dihydrogynocardin content from virgin to mature adults indicates that the sequestered dihydrogynocardin is consumed during adulthood. The increase in linamarin and lotaustralin in mature adults in comparison to virgins reflects the continuous biosynthesis at this stage. Only linamarin and lotaustralin were present in the eggs, suggesting that these two CNglcs, but not dihydrogynocardin, could be transferred to the offspring. Eggs had a similar overall CNglc concentration to parental pupae (Tukey, p=0.953) and virgin adults (Tukey, p=0.429). As the progeny were raised on P. edulis, it was not possible to sequester CNglcs during larval feeding and larvae had to rely exclusive on biosynthesis to acquire their cyanogenic defences (Figure 2a ). Early instar larvae had the lowest CNglc concentration of all the life stages, whereas late instar larvae had similar total concentration of CNglcs to parental pupae (Tukey, p=0.1461828) showing biosynthesis of linamarin and lotaustralin was later intensified during larval development of H. melpomene. Eggs and larvae did not contain dihydrogynocardin, demonstrating that dihydrogynocardin is neither transferred from parents to progeny nor biosynthesized (Fig 3a+b) . Linamarin and lotaustralin, but not dihydrogynocardin, were found in both testes and the spermatophore of H. melpomene butterflies. This corroborates earlier results showing that they Heliconius use CNglcs as nuptial gifts (Cardoso and Gilbert, 2007) (Figure 4b ).
Figure 3 a)
CNglc concentration in pupae, virgin and old adults of H. melpomene and their progeny (eggs, early and late instar larvae); b) CNglc content of spermatophores and testes. Error bars correspond to standard error (N=5-10). Note: Nuptial gifts refer to spermatophore only, not to testes.
Gene expression and CNglc biosynthesis in the life cycle of H. melpomene
The expression of the P450s putatively involved in the CNglc biosynthesis was measured in eggs, larvae, pupae and freshly emerged adults of H. melpomene by qPCR ( Figure 4a ). Generally, lepidopteran eggs acquired their chemical defences from their parents and do not biosynthesize them (Eisner et al., 2000; Mason and Singer, 2015) . In agreement with this, our qPCR results show the lowest Cts for the analysed genes at the egg stage. Hence, the gene expression in the other life stages were normalized relatively to the expression levels in eggs.
Across all life stages and candidate genes the highest expression was observed for CYP405A4 in larvae (P < 0.01, pairwise t-test with Benjamini & Hochberg correction). In this life stage, CYP405A4 was on average expressed more than 2.2 fold higher than any of the other three candidate genes (P < 0.01). In general, adults had higher expression levels of the analysed P450 genes than pupae -especially of CYP405A4 and CYP332A1 -although there were no significant differences in the gene expressions among adult males or females. In all the life stages, CYP405A5 always had the relative lowest expression.
To corroborate our qRT-PCR results, gene expression analyses were performed using publicly available RNA sequencing (RNA-seq) samples from H. melpomene 5 th instar larvae (gut) (Yu et al., 2016) and adult males and females (abdomen; Figure 4b ) (Walters et al., 2015) . Both the qRT-PCR and RNA-seq data indicate that out of the three CYP405As, CYP405A4 is preferentially expressed in larvae, while CYP405A5 and CYP405A6 are not. Similar to our qRT-PCR results, CYP405A4 had higher expression than CYP405A5 and CYP405A6 (P < 1e-25, t-test, Bonferroni correction). However, in this case, higher expression of CYP332A1 was also detected (P < 1e-26), which could be due to the difference in age of the larvae used in the analysis: 1 st instar larvae in the qRT-PCR and 5 th instar larvae in the RNA-seq. As observed in the qRT-PCR results, all genes were expressed in both females and males, and no significant differences could be detected among them in each sex, with the exception of CYP405A4, which was more highly expressed then CYP405A6 in adult females. 
Discussion
The CNglc profile in Heliconius varies according to the CNglc profile of their Passiflora hosts.
Although plants produce defence compounds to keep herbivores a bay, specialized herbivores can overcome these defences and even utilize them for their own benefit, selectively taking them up into their own tissues through the process of sequestration.
In this study, it was observed that larvae of H. melpomene can sequester not only cyclopentenyl CNglcs, but also aromatic and aliphatic CNglcs (Figure 2b and Table 1 ). Sequestration of sulphated cyclopentenyl CNglcs (tetraphyllin B-sulphate) from P. caerulea was not detected (Figure 2b) , which suggested that addition of a sulphate group to CNglcs in Passiflora could be a recent modification to avoid sequestration by heliconiines, as previously hypothesized (de Castro et al., 2019) . Larvae did not sequester prunasin from P. edulis and amygdalin from P. platyloba (Figure 2b) , even though we demonstrated that they have the machinery to sequester these compounds when they are painted on leaves in high concentration. This could indicate that sequestration of aromatic CNglcs by most Heliconius larvae is only possible when they are highly concentrated in Passiflora leaves, as e.g. prunasin in P. platyloba (Figure 2b and Table 1 ).
When larvae were fed with P. platyloba leaves painted with radiolabelled linamarin and lotaustralin, H.
melpomene larvae sequestered over 10 times fold more radiolabelled linamarin than lotaustralin, despite the even ratio presented to the larvae. To compensate for this difference, we speculate that they synthesized more lotaustralin than linamarin to uphold a certain ratio (Table 1) . Similarly, Z. filipendulae larvae tend to maintain a linamarin:lotaustralin ~70:30 ratio in their haemolymph even when raised on diets containing more lotaustralin than linamarin (Zagrobelny et al., 2007a) . In plants and also in insects, linamarin and lotaustralin are synthesized by similar enzyme complexes and the relative affinity of the enzymes for the respective substrate amino acids, valine and isoleucine, and their availability defines which of them will be produced (Zagrobelny et al., 2008) .
Therefore, the first P450 of the biosynthetic pathway, CYP79 for plants and CYP405 for Lepidoptera, is important for the maintenance of the linamarin:lotaustralin ratio (Jensen et al., 2011; Fürstenberg-Hägg et al., 2014) . Our results suggest that the stoichiometry of the reaction catalysed by the CYP405 in H. melpomene is regulated by the concentration of the final products of the pathway, linamarin and lotaustralin, similar to in Zygaena moths (Zagrobelny et al., 2008; Jensen et al., 2011) .
Larvae of H. melpomene are very inefficient at sequestering aromatic CNglcs from Passiflora plants: only trace amounts of prunasin were sequestered from P. platyloba while uptake of aromatic CNglcs from P. edulis, which produced ~3 fold less, was not detected at all (Figure 2a and 2b) . Small amounts of amygdalin were only sequestered when it was artificially supplied in large amounts (10 mg per leaf) painted on P. caerulea leaves (Table 1) . This result is contrary to what is observed in Z. filipendulae which can sequester large amounts of both linamarin, lotaustralin and prunasin, even though only the first two are naturally occurring in its food plant (Pentzold et al., 2015b) . The low efficiency of sequestration of aromatic CNglcs in Heliconius could be caused by the absence of a transporter that can take up aromatic CNglcs. Since aromatic CNglcs are not very common within the Passiflora genus (reported only in three species), there would be no selection in favour of a sequestration apparatus for aromatic CNglcs in heliconiines.
H. melpomene produced more linamarin and lotaustralin when fed P. platyloba leaves than when reared on P. caerulea or P. edulis (Figure 2b ). Curiously, P. platyloba and P. edulis have both aromatic CNglcs (Figure 2a ). This suggests that not only the CNglc profile, but also e.g. the nutritional value of the host plant affects cyanogenesis in Heliconius. Leaves of P. platyloba seem to have a thin cuticle, they are soft and with light green coloration, even in mature leaves (personal observations), which is the opposite of P. edulis leaves that are glossy dark green on the adaxial side of the leaf (Wosch et al., 2015) . Consequently, P. platyloba could have a higher nutritional value, facilitating more CNglc biosynthesis in H. melpomene. The main aim of this study was to analyse the impact of the Passiflora CNglc profile on the CNglc profile in Heliconius. Accordingly, measurements related to larval development, such as growth rate, developmental time, weight gain and food consumption, were not evaluated in this experiment, but would be very useful to include in future experiments based on our results.
Heliconius larvae avoid degradation of CNglcs during feeding
To avert self-poisoning, plants often glycosylate their defence compounds (benzoxazinoids, cyanogenic and iridoid glucosides, glucosinolates, etc.) and store them separately from β-glucosidases (Pentzold et al., 2014b) .
During herbivore or pathogen attack, tissue disruption will result in these two components coming into contact and the removal of the sugar residue will elicit the toxicity. Alkaline midgut pH is very common in Lepidoptera (Berenbaum, 1980) , and since plant β-glucosidases are normally inhibited under this condition, it allows Lepidoptera to tolerate many toxic glycosylated compounds. H. melpomene larvae perform leaf-snipping during feeding ( Figure S1 ) and have an alkaline gut lumen pH. These two features have also been observed in Z.
filipendulae and are considered adaptations to circumvent the degradation of CNglcs by plant β-glucosidases (Pentzold et al., 2014a) . By biting off leaf pieces without macerating them, larvae minimize the release of compartmentalized β-glucosidases, and consequently CNglc hydrolysis and production of toxic cyanide. Any residual β -glucosidase activity left on the leaf edges or in the leaf pieces will be inhibited by the alkaline midgut pH. Larvae of the fall webworm (Hyphantria cunea) also has an alkaline midgut environment which allow them to feed on black cherries without trigging their cyanogenic potential (Fitzgerald, 2008) . Amelot et al., (2006) demonstrated that larvae of Heliconius erato released less hydrogen cyanide than Spodoptera furgiperda when feeding on Passiflora capsularis (5.8 fold difference). S. furgiperda is a leaf-chewer (Nabity et al., 2012) , not a snipper as Heliconius, and its midgut environment is also less alkaline (pH= 8.5-9.5) (Alfonso et al., 1997) Thus, the minor cyanide release during H. erato feeding is likely due to the two adaptations reported here.
Mature adults of H. melpomene are highly cyanogenic
In the life-cycle of H. melpomene, mature adults have a higher concentration of CNglcs than pupae and newly emerged butterflies due to their increased content of linamarin and lotaustralin (Figure 3a ). This indicates that biosynthesis of linamarin and lotaustralin is intensified during the adult stage, and corroborates earlier findings that butterflies of H. melpomene are less cyanogenic at eclosion than after 7 to 28 days (Nahrstedt and Davis 1985) . Intensification of CNglcs biosynthesis in adults might be a result of all three CYP405A being expressed at this stage (Figure 4) .
Contrary to H. melpomene, Z. filipendulae have higher concentrations of CNglcs as final instar larvae than as eggs or adults (Zagrobelny et al., 2007b) . As larvae, Z. filipendulae biosynthesize linamarin and lotaustralin, and also sequester the same compounds from their host Lotus corniculatus. Z. filipendulae stops the expression of the genes involved in the CNglc biosynthesis as they start to pupate and they are only re-activated in females close to eclosion. Accordingly, male adults only have the CNglcs that originates from accumulation during the larval period . Turn-over of CNglcs was also observed during pupation, contributing to the lower concentration of these compound in adult Zygaena moths in comparison with larvae (Zagrobelny et al., 2007a) Most aposematic butterflies sequester defence compounds as larvae and utilize this reservoir in their own defence as adults (Nishida, 2002) . H. melpomene not only synthesize defence compounds as pupae and adults, but also intensifies the process during adulthood. This could be a reflection of a much longer adult life-span in
Heliconius species compared to other butterflies, including other heliconiines, and is perhaps associated with their pollen-feeding behaviour (Gilbert, 1972) . For example, H. charithonia butterflies can survive more than 100 days, while Dryas iulia, another heliconiine that does not supplement its nectar-diet with pollen, has an adult life-span of maximum 35 days (Boggs, 1981) . Heliconius are more unpalatable than other heliconiine butterflies and thus it has been hypothesized, that they have more CNglcs due to their pollen-feeding behaviour, which among other things provide them with the amino acids necessary for the biosynthesis of these compounds.
Nevertheless, recently emerged Heliconius butterflies have overall similar total concentration of CNglcs to other heliconiines (de Castro et al., 2019) , which suggests that Heliconius might become more toxic than other heliconiines as they become mature adults (3-4 weeks after eclosion). Corroborating this hypothesis, we found that all three copies of the putative genes involved in the biosynthesis of CNglc are expressed during adulthood ( Figure 4) and mature adults contain twice as much CNglc as virgin adults (Figure 3a ). Cardoso and Gilbert, (2013) did not observe an increased cyanide emission from imagines of H. charithonia, H.
ethila and H. hecale fed with an amino acid-rich diet in comparison with those fed only a sugar-solution in the first 2 weeks after eclosion. However, Nahrstedt and Davis, (1985) found that adults of H. melpomene continue to synthesize CNglcs even on a diet lacking amino acids, but their production tend to decline from 14 to 28 days and mortality increases. Perhaps a diet supplied with amino acids, such as pollen, is more important for the CNglc biosynthesis in the late period of the adult stage in Heliconius, when it is also crucial for their survivorship. They might initially be able to rely on the CNglcs obtained at the larval stage and maintain biosynthesis of linamarin and lotaustralin with amino acids from protein degradation.
Even though eggs neither biosynthesise nor sequester CNglcs, they had a similar total concentration of linamarin and lotaustralin as compared to larvae in late instars, parental pupae and newly emerged imagines (Figure 3a ). Nahrstedt and Davis (1983) also found that the concentration of cyanide emitted by eggs of the heliconiine species A. vanillae and D. iulia resembled the concentration found imagines. These results show that heliconiines considerably invest in the cyanogenic content of its progeny by transferring CNglcs to the eggs.
Although concentration of CNglcs (linamarin and lotaustralin) decreased during the transition from eggs to early larvae (Figure 3a) , the total amount of CNglcs was the same in both stages (3.18 ± 0.57 µg in eggs; 2.97 ± 0.56 µg in early larvae), indicating that this reduction in concentration was possibly a dilution effect. An intense expression of CYP405A4 was observed in larvae at the early instars (Figure 4a ), but it was not followed by the expression of CYP332A1, the gene putatively responsible for the conversion of the oxime to α-hydroxynitrile.
CYP405A4 and CYP332A1 were both highly expressed in the gut transcriptome of fifth instar larvae (Figure 4b) ,
which is in line with the observation that linamarin and lotaustralin levels are increased in the late as compared to early instar larvae, most likely due to de novo biosynthesis. qPCR and transcriptome results indicate that CYP405A4 is the major active copy during larval stages and it is the most expressed in adults in comparison to CYP405A5 and CYP405A6.
Linamarin and lotaustralin are used as nuptial gifts
In the present study linamarin and lotaustralin, but not dihydrogynocardin, were found in the spermatophore of H. melpomene, indicating that these CNglcs function as nuptial gifts (Figure 3b ). Even though male and female adults contained dihydrogynocardin (Figure 3a) , this compound was not present in their spermatophores and testes (Figure 3b ), and it was not transferred to the eggs (Figure 3a) . It is possible that testes and/or accessory glands produce the linamarin and lotaustralin transferred to the spermatophores or that only these CNglc can be transported to reproductive organs. Zagrobelny and collaborators (2014) demonstrated that radiolabelled linamarin and lotaustralin sequestered by Z. filipendulae larvae were distributed to all tissues during pupation and also transferred to the females as nuptial gifts during copula. Small amounts of radiolabelled linamarin and lotaustralin were even retrieved from some eggs produced by these females. However, sequestration of linamarin and lotaustralin is rare in heliconiine, and in general, they rely on obtaining aliphatic CNglcs via biosynthesis and not sequestration (Castro et al., 2019) .
Although dihydrogynocardin was neither used as nuptial gifts nor transferred to eggs in our experiment with H.
melpomene, it was consumed during the adult life time. How and why the butterflies catabolize the dihydrogynocardin obtained from larval sequestration are unanswered questions and further investigations are necessary. Perhaps they degrade dihydrogynocardin to release volatile cyanide and ketones/aldehydes during calling and courtship behaviour, as seen in Z. filipendulae (Zagrobelny et al., 2015) . The cyanide emitted by these moths might allow them to estimate the CNglc content of their peers, as females of Z. filipendulae will only copulate with males having a high CNglc content. Rejected males having a low CNglc content were only accepted for mating after injection with linamarin or lotaustralin (Zagrobelny et al., 2015) . Many Heliconius species use chemical signals for mating choice, as sex pheromones Darragh et al., 2017) and
antiaphrodisiacs (Gilbert, 1976; Schulz et al., 2007) , but it is still unknown if the degradation products of CNglcs are part of these bouquets.
CNglcs seem to play an important role in reproduction in lepidopteran species that produce and/or sequester these compounds. Experiments regarding the CNglc composition of spermatophores of other Heliconius species and also from several successive matings would improve our understanding of the sexual selection and evolution of mating strategies in the genus.
CNglcs in Heliconius -functional diversification and interplay of multiple pathways
In this study, we demonstrated that H. melpomene larvae can sequester aliphatic, aromatic and cyclopentenyl CNglcs from Passiflora. Nevertheless, some types of CNglcs are more efficiently taken up than others suggesting that the larval ability to sequester different CNglc structures may be caused by transporters with low substrate specificity.
H. melpomene is most cyanogenic as mature adults due to intense biosynthesis of linamarin and lotaustralin in the adult stage. Predation by birds and lizards could have favoured CNglc accumulation during the adult stage, which is supported by the aposematic coloration and Müllerian mimicry observed in the Heliconius genus, and the long half-life of H. melpomene. However, since they use these compounds as nuptial gifts, sexual selection could have led these butterflies to increase their CNglc content as adults as well, especially in species of the nonpupal mating clade.
Cyclopentenyl CNglcs obtained during the larval stages were turned-over by mature adults, and since these compounds were not transferred to mating partners and neither to their progeny, we hypothesize that they catabolize these CNglcs to release sugar and nitrogen (turn-over) and/or use their volatile degradation products as essential mating cues as seen for aliphatic CNglcs in Z. filipendulae (Zagrobelny et al., 2015) .
Although there is no doubt that CNglcs play a very important role in the biology of Heliconius species, the enzymes involved in the biosynthesis, sequestration, catabolism and detoxification of these compounds remain to be identified in these butterflies. The discovery and exploration of these pathways in the future will greatly expand our understanding of the roles and regulation of CNglcs in insects in general and in butterflies in particular.
Plant Biochemistry section (University of Copenhagen -PLEN) and the Heliconius Research Community to this project.
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Highlights  Heliconius melpomene larvae can sequester not only cyclopentenyl, but also aliphatic and aromatic cyanogenic glucosides from Passiflora plants.  Addition of sulphate groups to cyclopentenyl cyanogenic glucosides prevents sequestration -possibly a recent Passiflora adaptation to circumvent heliconiine herbivory.  Biosynthesis of aliphatic cyanogenic glucoside is intensified in H. melpomene adults, when all three CYP405A genes were expressed.  Sequestered cyclopentenyl cyanogenic glucosides are catabolized during the adult stage in H. melpomene.  In contrast to linamarin and lotaustralin, sequestered cyclopentenyl cyanogenic glucosides are neither used as nuptial gifts nor transferred to the offspring. 
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